Esterification of carboxylic acids with alkyl halides using electroreduction has been investigated. The reaction of carboxylic acids, such as benzoic acid, 3-phenylpropanoic acid, nonanoic acid, cinnamic acid, and 1-naphthoic acid, under electrochemical reduction conditions followed by the addition of alkyl halides afforded the corresponding esters in moderate to good yields. The reactions proceeded via the S N 2 mechanism of the alkyl halide, with the carboxylate ion bearing the ammonium ion as the counter cation, which was generated and accumulated from the carboxylic acid. The generation of the carboxylate ion intermediate is essential, and it appears to have high reactivity because the counter cation of the carboxylate ion intermediate is an ammonium ion.
Introduction
Esters, which are fundamental to the development of new synthetic methods for ester moieties, are one of the most important functional groups in organic chemistry. 1 We have recently reported the efficient synthesis of esters from carboxylic acids and alkyl halides using a stoichiometric amount of Bu 4 NF as the base toward carboxylic acids [Scheme 1(a)]. 2 Although this method is effective and the high reactivity of the carboxylate ion intermediate bearing Bu 4 N + as the counter cation 3, 4 shortens the reaction time to afford esters in high yields, HF, which is a toxic acid, is generated in the deprotonation step. Thus, there is ample scope for improvement in the efficient and sustainable synthesis of esters. 5 Electrochemical methods [6] [7] [8] [9] are typically clean techniques that are suitable for green chemistry. We have reported esterification using the carboxylate ion intermediate bearing an ammonium ion, which was prepared by the reaction of carboxylic acid with an electrochemically generated and accumulated 2-pyrrolidone anion. 10 Although this method can generate the highly reactive carboxylate ion intermediate, the formation of 2-pyrrolidone as a byproduct is unavoidable. In their excellent pioneering work, Nonaka, Fuchigami, and co-workers reported the cathodic esterification of carboxylic acids using tetraethylammonium salt as the supporting electrolyte. 11, 12 This methodology, in principal, does not generate a byproduct. Because we are interested in this type of cathodic esterification for the synthesis of ester moieties, we have investigated some related factors, such as electricity, supporting electrolyte, and solvent. Herein, we wish to report the details of the investigated reactions, including the scope and limitation of carboxylic acids and alkyl halides. 4 Si as an internal standard unless otherwise noted. Mass spectra were obtained on a JEOL JMS SX-102A (EI) mass spectrometer. Thin-layer chromatography (TLC) was performed using Merck pre-coated silica gel F254 plates (thickness 0.25 mm). Flash chromatography was carried out on a silica gel column (Kanto Chem. Co., Silica Gel N, spherical, neutral, 40-100 µm). Preparative gel permeation chromatography (GPC) was carried out on a Japan Analytical Industry LC-9201 equipped with JAIGEL-1H and JAIGEL-2H using CHCl 3 as an eluent. Unless otherwise noted, all reactions were carried out under nitrogen atmosphere.
Materials
Unless otherwise noted, all materials, including dry DMF, dry THF, dry CH 3 4 was prepared according to the procedure in the literature. 13 
Measurement of reduction potentials of carboxylic acids
Rotating-disk electrode voltammetry was carried out using a BAS 700BS analyzer and a BAS RRDE-3 rotating disk electrode. Measurements were carried out in 0.1 M Bu 4 NBF 4 /DMF using a glassy carbon disk working electrode (diameter = 3.0 mm), a platinum wire counter electrode, and the saturated calomel electrode (SCE) as a reference electrode with sweep rate of 10 mV/s at 3000 r.p.m. The concentration of carboxylic acids was 4 mM.
Reaction of carboxylic acid with alkyl halide
Typical procedure for the reaction of benzoic acid (1) with nbutyl iodide (n-BuI) using electroreduction was as follows. Synthesis of n-butyl benzoate (2): The electrochemical reaction was carried out in an H-type divided cell (4G glass filter) equipped with two platinum plates (20 mm © 10 mm). A solution of 0.1 M Bu 4 NBF 4 / DMF (8 mL) was put into the anodic chamber. Benzoic acid (1, 60.9 mg, 0.50 mmol) and 0.1 M Bu 4 NBF 4 /DMF (8 mL) were put into the cathodic camber. Constant current electrolysis (10 mA) was carried out at 0°C with magnetic stirring until 1.0 F/mol of electricity (based on benzoic acid (1, 0.50 mmol)) was consumed. After the electrolysis, the mixture was stirred for 20 min at 0°C in order to complete the reaction and maintain reaction temperature. Then, n-BuI (184.1 mg, 1.00 mmol) was added and the mixture was stirred for 60 min at 0°C. The reaction mixture was poured into water (10 mL) and extracted by Et 2 O (15 mL © 3). The combined organic solvent was washed with brine (20 mL) and dried over Na 2 SO 4 . After removal of the solvent, the resulting crude product was purified with flash chromatography (hexane/EtOAc 3:1) to obtain n-butyl benzoate (2, 62.4 mg, 0.350 mmol, 70%). 2 was identified by comparing its spectral data with that reported in the literature. 14 
Spectroscopic data
Compounds such as methyl benzoate (3), 14 n-octyl benzoate (4), 14 isopropyl benzoate (5), 15 4-chlorobutyl benzoate (6), 16 n-butyl 3-phenylpropanoate (8), 17 isopropyl 3-phenylpropanoate (9), 18 nbutyl nonanoate (11), 19 isopropyl nonanoate (12), 2,20 isopropyl cinnamate (14) , 2 isopropyl 1-naphthoate (16) 2 were identified by comparing their spectral data with those reported in the literature.
Results and Discussion
We examined the reaction of benzoic acid (1) with n-BuI using electroreduction. The typical procedure described in Section 2.4. using 1.0 F/mol of electricity, followed by the usual work up and flash column chromatography procedures afforded the corresponding ester (n-butyl benzoate (2)) in 70% yield, as shown in Table 1 . In Table 1 , only the isolated yields are listed unless otherwise noted. The use of 1.5 F/mol and 2.0 F/mol of electricity, which generated 74% and 77% product yields, respectively, was also examined. As such, we chose to use 2.0 F/mol of electricity in all following reactions to achieve the complete reduction of the starting materials. The reaction of 1 and n-BuI without electricity did not advance the reaction, indicating that electrification of the solution containing the carboxylic acid is critical to drive the reaction.
Supporting 4 , and NaBF 4 were tested in DMF solvent. 21 Although the reactions using Bu 4 NOTf, Bu 4 NClO 4 , Bu 4 NB(C 6 F 5 ) 4 , Bu 4 NBr, and Et 4 NOTs 11,12 afforded the corresponding ester 2 in moderate to good yields, the reactions using LiClO 4 , LiBF 4 , and NaBF 4 gave much lower yields, indicating low reactivity of the carboxylate ion intermediate bearing the alkali metal ion. For the solvent, THF and CH 3 CN, rather than DMF, were also examined. The reaction using THF gave 2 in moderate yield; however, CH 3 CN was not effective.
To test the applicability of the present method, reactions with several alkyl halides were examined ( Table 2) . We chose Bu 4 NBF 4 as the supporting electrolyte because it is a convenient general reagent. Reactions with other alkyl halides, such as n-BuBr, MeI, nOctI, and i-PrI gave the corresponding products in 40%, 38%, 95%, and 35% yields, respectively. The reactions with n-BuBr and i-PrI for 120 min gave the corresponding products in 53% and 30% yields, respectively. The reactions with n-BuBr and i-PrI for 120 min at room temperature afforded higher yields. The reaction with 1-chloro-4-iodobutane gave 4-chlorobutyl benzoate (6) in 81% yield.
With the successful formation of esters from carboxylic acids with alkyl halides in hand, we next examined the reaction of alternate carboxylic acids, such as 3-phenylpropanoic acid (7), nonanoic acid (10), cinnamic acid (13), and 1-naphthoic acid (15) ( Table 2 ). The reaction of 3-phenylpropanoic acid (7) with n-BuI and i-PrI afforded the corresponding products (n-butyl 3-phenylpropanoate (8) and isopropyl 3-phenylpropanoate (9)) in 95% and 65% yields, respectively. Nonanoic acid (10) also reacted with n-BuI and i-Pr-I producing n-butyl nonanoate (11) and isopropyl nonanoate (12) in 84% and 52% yields, respectively. Interestingly, the electrochemical reaction of cinnamic acid (13) followed by the reaction with i-PrI afforded the corresponding ester 14 together with 9. The ratio of 14 and 9 seems to depend on the electricity. The use of 1.0 F/mol of electricity primarily gave 14; however, increasing Electrolysis was carried out at 0°C, and then the reaction temperature was increased to room temperature. The data are isolated yield and total yield of 14 and 9. The yield was calculated based on the molecular weight of 14. Electrochemistry, 83(3), 161-164 (2015) the amount of electricity, for example to 2.0 F/mol of electricity, resulted in increased ratio of 9. (The data in Table 2 refers to total yield from the mixture of 14 and 9.) Although the details are not clear, the carboxylate ion from cinnamic acid (13) might be generated first ( Fig. 1 ) (vide infra) and might undergo a carboncarbon double bond reduction during electrolysis. The reaction of 1-naphthoic acid (15) with i-PrI generated an ester of isopropyl 1-naphthoate (16) in 55% yield.
As for the reaction mechanism, one possibility is a mechanism that involves the generation of superoxide anion as an electrogenerated base (EGB) 22 in the cathodic chamber, which might serve as an effective base for the esterification of carboxylic acid [Scheme 1(b), step 1]. As shown in Fig. 1 , the reduction potential of benzoic acid (1) and cinnamic acid (13) in 0.1 M Bu 4 NBF 4 / DMF using rotating-disk electrode voltammetry was ¹0.78 V (vs. SCE), whereas that of the blank solution was ¹0.79 V (vs. SCE), indicating the reduction of dioxygen (O 2 ). 23 The solution containing benzoic acid (1) or cinnamic acid (13) showed a higher currency, compared with the blank solution, which might indicate the consumption and sequential formation of superoxide anion under measurement. The electrochemical reduction of a solution of 0.1 M Bu 4 NBF 4 /DMF in an H-type divided cell, followed by the sequential addition of benzoic acid (1, 0.50 mmol) and n-BuI (0.98 mmol) gave n-butyl benzoate (2) in 31% yield (2.0 F/mol of electricity based on benzoic acid (1) 24 This reaction pathway cannot be ruled out. Assuming that the reactivity of the carboxylate ion depends on the counter cation, electrochemistry seems to be superior to other chemical methods as it can be changed easily by varying the supporting electrolyte.
Conclusions
We have investigated an efficient esterification of carboxylic acids with alkyl halides using electroreduction. The success of these types of reactions appears to be due to the high reactivity of the carboxylate ion intermediate bearing the ammonium ion as the counter cation. Thus, the reactive carboxylate ions react with alkyl halides via the S N 2 mechanism. Further synthetic applications are currently under investigation in our laboratory. Electrochemistry, 83(3), 161-164 (2015) 
